INTRODUCTION
In vitro and in vivo studies have indicated that several nitrating species, including nitrogen dioxide, peroxynitrite and nitrous acid, can be produced during inflammation.
This nitrative stress is evidenced by the presence of nitrated protein tyrosine in the tissues (9) (43) and by the increased free NO2Tyr in biological fluids (13) (23). Experimental evidence has indicated that nitration of tyrosine residues in proteins may alter protein function, protein turn-over, and modify signal transduction processes (24). The biological effects of free NO2Tyr, however, are less clear. NO2Tyr inhibited acetylcholine-induced relaxation of rat thoracic aorta (29) and NO2Tyr produced behavior abnormalities in mice associated with reduction in striatal tyrosine hydroxylase content (30). NO2Tyr can also be incorporated into α-tubulin causing microtubular dysfunction in A549 cells (10) and preventing morphological differentiation of myogenic cells (7) . The latter mechanism can potentially affect intracellular signaling processes that are dependent on microtubules (MT) (20) .
As a cytoskeletal component, MT cooperate with actin filaments functionally in a wide variety of processes, e.g., vesicle and organelle transport, directed cell migration, and nuclear migration, that may be important during viral infection (4) (17) . Microtubuledependent motilities allow cytosolic adenovirus to be directed towards the MT organizing center near the nucleus (46). Dynein, a minus end directed MT motor, co-precipitates with cytosolic herpes simplex virus capsids (44). Movement of endosomal reovirus can be blocked by colchicine or nocodazole, inhibitors for MT polymerization (16) .
Respiratory syncytial virus (RSV), a negative-stranded RNA virus, is a common viral pathogen for respiratory infection in both children and immunocompromised adults.
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It is estimated that up to 50% of children hospitalized with bronchiolitis and 25% of children with pneumonia are infected with RSV (21) . RSV infection predisposes to the development of hyperreactive airway disease (53) and precipitates recurrent attacks in asthmatic children. The mechanisms of RSV-induced airway disease are incompletely understood, but local inflammatory responses which generate various chemotactic chemokines, e.g., RANTES (regulated upon activation, normal T -cell expressed and secreted) and interleukin-8 (IL-8), appear to play a central role (35) (42) (49).
Lung epithelial cells are the main target of RSV. Infection of RSV is mediated, in part, by initial interaction between attachment proteins (F and G) and a heparan sulfate located on the cell surface (11). Once inside the cells, RSV replicates and assembles using cytoskeletal components. Cellular actin is found inside RSV (51). Transcription of the RSV genome RNA requires actin as well as an actin-modulatory protein, profilin (5, 6) . The uptake of RSV by dendritic cells can be inhibited by agents that block caveolae (54), the internalization of which is dependent on an intact actin network (37).
The integral role of MT in intracellular viral processing and the close association of MT with actin in maintaining cytoskeletal function indicate that MT may play an important role in RSV infection. If so, NO2Tyr, which may irreversibly modify α-tubulin post-translationally, may inhibit signal transduction during RSV infection. The present study tested this hypothesis in a human bronchial epithelial cell line.

MATERIALS AND METHODS
Cell culture. The human bronchial epithelial cell line (BEAS-2B, subclone S6) was obtained from the laboratory of Dr. Curtis C. Harris and maintained in serum-free growth medium (KGM, Clonetics, San Diego, CA) in T75 tissue culture flasks. The cells were used in experiments in their 62 nd to 73 rd passage. Cells were plated at 1 x 10 5 cell/well of a 12-well tissue culture plate (Costar, Cambridge, MA) in 1 ml KGM and incubated at 37ºC and 5% CO 2 for 72 hours, when they were used in experiments.
Preparation of RSV. RSV (Long strain/lot 15D) was obtained from American Type
Culture Collection (Bethesda, MD) and was propagated in mycoplasma-free HEp2 cells (ATCC 23-CCL, Bethesda, MD) as previously described (3). HEp2 supernatants containing infectious RSV were collected and the virus was precipitated using 10% polyethylene glycol (Sigma, St. Louis, MO). The precipitate was dissolved in NTE (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA), pH 7.4, and overlaid on a discontinuous 60%, 45% and 30% sucrose gradient made up in NTE. After centrifugation for 90 min at 85,000 x g in a Sorvall TH-641 rotor, the virus was collected from the 45%-60%
interface. This preparation contained ~1 x 10 7 plaque-forming units (PFU)/ml of RSV when tested for syncytia formation on HEp2 cells. The virus was snap frozen in liquid nitrogen and stored in small aliquots at -70ºC until use.
Plaque assay. RSV in the medium and the cell lysate (PFU/ml) was determined by syncytia formation on HEp2 cells induced by serial 1:10 dilutions of the cell supernatants as has been described (36). After allowing the virus to adsorb to the cells for 2 hours, the supernatant dilutions were removed and 1 ml of overlay methylcellulose (1.2%, 6000cP, Virus was added to the cells for 2 h and then removed by a gentle wash with culture medium, followed by addition of 1 ml/well KGM for culture for up to 72 h.
In additional experiments, the uninfected BEAS-2B cells were co-cultured with RSV- 
RANTES and IL-8 measurements.
RANTES and IL-8 in the medium were measured using ELISA kits purchased from R&D Systems (Minneapolis, MN) according to the manufacturer's directions. The detection limit for the kits was 10 pg/ml.
Incubation with 3-nitrotyrosine and 3-chlorotyrosine. KGM containing NO2Tyr was added to BEAS-2B culture plates 24 hours prior to incubation of cells with RSV.
Preliminary experiments showed that it took at least 24 hours before an increase in Western blotting and immunoprecipitation. Cells were harvested and lyzed with a 23 gauge needle in RIPA lysis buffer, which consists of 1% Nonidet P -40, 0.5% deoxycholate, 0.1% SDS in PBS, pH 7.4) and protease inhibitors (1 mM vanadyl sulfate, 0.5 mg/ml aprotonin, 0.5 mg/ml E-64, 0.5 mg/ml pepstatin, 0.5 mg/ml bestatin, 10 mg/ml chymostatin, and 0.1 mg/ml leupeptin). The lysate was centrifuged at 10,000 x g for 10 min. The supernatant was decanted, and an aliquot was stored at -20°C. Protein concentrations were measured in all samples using the method of Bradford (Bio-Rad Protein Assay, Bio-Rad Laboratories, Hercules, CA). Cruz Biotechnology, Inc., Santa Cruz, CA).
Immunocytochemistry. Double immunostaining was performed to co-localize RSV with α-tubulin. BEAS-2B grown on slides were fixed with 4% paraformaldehyde and blocked with 5% donkey serum in 3% BAS/TBS. The fixed cells were probed with a polyclonal
anti-RSV antibody and a monoclonal antibody against α-tubulin overnight at 4°C
followed by incubation with appropriate FITC and rhodamine-conjugated secondary antibodies for 30 min. Images were examined with a fluorescence microscope equipped with FITC and rhodamine filters. Photos were taken using a digital camera system (Nikon Microphot-SA) and imaging software (ACT-1, version 2.10, Nikon, Tokyo, Japan). 
Effects of NO2Tyr on RSV infection. NO2Tyr inhibited the RSV-induced release of
RANTES and IL-8 ( Figure 5A and 5B). The inhibition of RANTES and IL-8 was
approximately 60% and 50% respectively at 72 hours. Incubation of RSV with up to 1 mM of NO2Tyr in the cell-free solution did not affect the viability of RSV, suggesting that NO2Tyr was not toxic to RSV (data not shown).
NO2Tyr also inhibited extracellular release of RSV post-infection (Figures 5C) and the inhibition reached approximately 90% at 72 hours. The inhibition was more prominent at 100 µM and 1 mM of NO2Tyr ( Figure 5D ).
NO2Tyr also decreased the amount of α-tubulin-associated RSV protein ( Figure 6 ).
The inhibition for the N, P and M proteins was approximately 30%, 80% and 70%
respectively at 48 hours post-infection (Figures 6). RSV proteins did not show tyrosine nitration, indicating that NO2Tyr was not incorporated by the virus during viral replication (data not shown).
Effects of 3-chlorotyrosine on RSV infection.
To determine whether or not the inhibitory effects were specific for NO2Tyr, we performed additional experiments with 3 -chlorotyrosine, another naturally occurring L-tyrosine derivative. 3-Chlorotyrosine had little effect on the release of RANTES or RSV (Table 1) .
Effects of NO 2 exposure on RSV infection.
To determine whether or not the NO2Tyr effects were specifically due to nitrotyrosination of α-tubulin, bronchial epithelial cells were pre-exposed to NO 2 , which would induce non-selective nitration of protein and nonprotein tyrosine residues in the cells, before infection with RSV. As expected, exposure of BEAS cells to 0.15 ppm of NO 2 for 4 hours increased diffuse tyrosine nitration of many cellular proteins including α-tubulin by western blotting, but pre-exposure to NO 2 did not alter RSV-induced RANTES, IL-8 or viral release (Table 2) . shift from form I to form II while total IRF-3 remained unchanged ( Figure 7 ). NO2Tyr
prevented the shift and returned the II/I ratio to a level similar to that of the uninfected cells.
Effects of NO2Tyr on RSV spreading. To determine whether or not NO2Tyr affected viral
spreading to neighboring cells after viral uptake, a batch of cells was preinfected with RSV for 24 hours. These pre-infected cells were then overlaid on the uninfected BEAS-2B cells, which had been cultured in medium with or without NO2Tyr (100 µM) for 24
hours. NO2Tyr did not affect the RSV titer in the medium or in the cells in these coculture experiments (Table 3) . Fusion and large syncytia formation still occurred in the presence of NO2Tyr. Nitrotyrosination of α-tubulin appeared to affect RSV infection at its early stages.
Effects of NO2Tyr on
First, our study showed that RSV activated an early transcription factor, IRF-3, during nitrogen for the formation of nitrating species, our results may provide a potential mechanism for the inhibitory effects of NO on viral infections, especially when the microenvironment also is favorable for the generation of other essential components of nitrative stress, such as during inflammation (myeloperoxidase, eosinophil peroxidase) (52) (55).
The concentration of exogenous NO2Tyr used in our study was relatively high compared to the endogenous concentration detected in the body fluids. Under physiological condition, the concentration of endogenous free NO2Tyr in the plasma is <100 nM (14) (23), but can increase by 80-100 fold in the joint fluid of rheumatoid arthritis, and up to 100 µM in the plasma of patients with septic shock and renal failure (15) . The level of NO2Tyr in these biological fluids, however, may not represent the local concentration in close proximity to the site of production of nitrating species (19) .
Thus protein and non-protein tyrosine residues at the vicinity of injury site and within specific cell types may encounter much higher local concentration of nitrating species and have a higher probability of being nitrated. Our study showed for the first time that free NO2Tyr, generally considered a biomarker of nitrative stress, attenuates RSV infection and signaling at high concentrations. These effects may be related to the formation of nityrosinated α-tubulin altering the MT properties. These results indicate that exogenous NO2Tyr may be used as an immunomodulatory agent if given at early stages of RSV infection.
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